It has been known since the early part of the Nineteenth Century that when the temperature of the medium surrounding a cold blooded animal is changed there is a change in the amount of oxygen required to support its basal metabolism. At the present time there exists considerable disagreement as to the way these effects of temperature-changes manifest themselves. Some workers have found that, for each unit rise in temperature, the amount of oxygen consumed is multiplied by a factor which is constant for the form studied throughout the none-injurious range of temperature; others have found that, for each unit rise in temperature, the amount of oxygen consumed is multiplied by a factor which becomes steadily smaller as the temperature rises; while still others have found that within certain temperature limits the rate of respiration is greatly accelerated by a rise in temperature while within other temperature limits there is but slight, if any, acceleration due to a rise in temperature.
It has been known since the early part of the Nineteenth Century that when the temperature of the medium surrounding a cold blooded animal is changed there is a change in the amount of oxygen required to support its basal metabolism. At the present time there exists considerable disagreement as to the way these effects of temperature-changes manifest themselves. Some workers have found that, for each unit rise in temperature, the amount of oxygen consumed is multiplied by a factor which is constant for the form studied throughout the none-injurious range of temperature; others have found that, for each unit rise in temperature, the amount of oxygen consumed is multiplied by a factor which becomes steadily smaller as the temperature rises; while still others have found that within certain temperature limits the rate of respiration is greatly accelerated by a rise in temperature while within other temperature limits there is but slight, if any, acceleration due to a rise in temperature.
PART I. EFFECT OF TEMPERATURE UPON THE OXYGEN REQUIREMENTS OF THE ADULT CLUSTER FLY (POLLENIA RUDIS FABRICIUS)
The first part of the present study was undertaken to determine the influence of different temperatures upon the rate of oxygen consumption of overwintering male and female adults of the cluster fly (Pollenia rudis Fabricius). A point of particular interest was the determination of any measurable differences in the relationship between temperature and oxygen consumption above and below 10° C. Above this point the insect's phototropic responses are positive and flight may be maintained while at lower temperatures it exhibits a negative phototropism and crawls into crevices and other shelters to form clusters, making no efforts to fly even when disturbed.
Methods.-For the purpose of the present study a modification of Thunberg's (1905) microrespirometer was used. This modification is the one used by Fenn (1927) in his study of the gas exchange of nerve tissue. Results were obtained from the use of individual flies. No attempt was made to prohibit movement after the insect was placed in the respirometer flask although every precaution was taken to remove stimuli which might excite movement. The stock of flies was kept in cages in a refrigerator at a temperature of 6° C, a point low enough to keep them motionless. Flies to be used were placed in cold vials at least 24 hours before being taken from the refrigerator. During the transfer from the refrigerator to the respirometer the vial containing the fly was kept inside a hollow block of cold insulating material. In this way the fly never became warm enough to awake from its torpor before it was inside the respirometer flask. At the beginning of the studies it was observed that flies, which were allowed to become warm enough to move about freely and possibly struggle before being placed in the apparatus, often showed an abnormally high rate of respiration which would be reduced gradually until a constant was reached from twelve to twenty-four hours later, regardless of the bath temperature. Farrar (1931) reported results somewhat similar to this when he obtained the respiration rate of honey bees kept at a temperature so low as to prohibit movement. Figures obtained two hours .after they were placed in the apparatus were much higher than those obtained after six hours or longer. The inadvisability of attempting to bind or otherwise confine the insects is to some degree confirmed by the results obtained by Fink (1926) who followed this practice with adults of the Colorado Potato Beetle and, if we are to assume that he •carried on his work at a temperature in the neighborhood of 21° C, obtained figures for oxygen consumption which vary from 55 to 175 times as great as those obtained in the present experiments for the •cluster fly at the same temperature. The respirometer rested in rubber supports while the water bath in order to eliminate vibration and the respirometer flasks were painted black to shut out light.
Results.-Oxygen consumption of overwintering adults of both sexes of the cluster fly was measured throughout a range of temperatures extending from -2.6° C. to 43.75° C. The measurements of oxygen •consumption were expressed in cubic millimeters per milligram of insect weight per minute. They ranged from .0005 cu. mm. per mg. per min. .at -2.6° C. to .0758 cu. mm. per mg. per min. at 38.75° C. Up to this point there was always an increase in gas exchange as the temperature rose, but above this range the oxygen consumption ordinarily became smaller with a further increase in temperature. Individual flies responded differently to these extreme temperatures, most of them being fatally injured by temperatures above 43° C. while some were only partially paralyzed or apparently uninjured by exposures to 45° C.
Similar depressions of the respiratory rate at high temperatures have been noted by other workers, but due to the fact that there was observed to be a great variation in individual response no attempt was made to study the respiratory behavior of the insects above 38.75° C. which seemed to be near the upper limit of the non-injurious temperature range.
The figures presented here are obtained from the records of 104 runs which averaged about two and one-half hours duration for each .000- To determine how closely the mean values might follow mathematical curves they were plotted on semi-logarithmic or rate-of-change paper. On such a projection an exponential curve appears as a straight line. The mean values shown in Chart II are shown on such a projection in Chart III. Straight lines were drawn which would best fit the means and are shown on Chart III and represent two exponential equations which give Qi 0 values of 5.50 and 1.75 respectively when van't Hoff's rule is applied. The principle of van't Hoff's theory (1896) regarding the effect of heat on a chemical reaction does not apply throughout the whole range of observations but it does seem that, if we consider the relationship to be expressed by two successive curves, the oxygen consumption-temperature relationship follows the theory which he proposed, even though the rate of increase in reaction speed for the first curve is 5.50 times for each ten degree rise rather than two to three times as he anticipated for most chemical reactions.
It will be seen that the mean values follow the mathematical curves quite closely except where they are pulled away by averages of intervals where there are but few observations or where there are one or two widely divergent observations. There is considerable doubt as to the possibility of fitting an exponential curve to the means above 33.5° C. since there is a probability that the irritating effects of high temperature are beginning to be felt above this point and that the metabolism can no longer be considered to be basal. CHART II. 2° C. mean values of oxygen consumption and temperature for cluster fly.
The next step was to apply the data to Arrhenius' (1915) formula for critical thermal increment: K 2 I T V l^T w m which Ki is the rate of reaction at one absolute temperature Ti, K 2 is the rate of reaction at a second and higher absolute temperature T 2 , R is the molar gas constant (ordinarily given a value of 2) and n is a constant for the reaction throughout the range. This was done to obtain values for critical thermal increment or n which could be compared with values obtained by other workers from respiration studies made on insects and other cold blooded animals. Calculating for the value of M in the equation it was found that between -1.85° C. and 10.9° C. n was equal to 25,640 while between 14.0° C. and 28.9° C. n equals 9,670.
These values differ considerably from those established by Crozier (1924) as the standard for respiratory activity. The change in value occurs at 12.5° C. instead of 15° C. and the values of n are 9,670 and 25,640 rather than 11,500 and 16,100-16,700, respectively. Discussion.-A compound curve such as is here presented is different from any of the published curves which are based on actual data but does bear considerable resemblance to an hypothetical curve of respiration for plants and cold blooded animals which Putter (1914) has figured. He concluded that, although respiration is a reaction which is affected by temperature according to van't Hoff's rule, a single curve CHART III. 2° C. mean values of oxygen consumption and temperature for cluster fly plotted on rate-of-change paper.
is not sufficient to show the relationship throughout the whole range of temperatures. From the lowest limit to the highest the speed of the reaction is influenced in turn by three factors. He figures a curve in which, during the interval from 0° C. to 5° C, the permeability of the cells to oxygen is considered to be the limiting factor and respiration follows a curve with a Qio of 8; from 5° C. to 15° C. the rate of an ordinary oxidation process is assumed to be the only limiting factor and respiration follows a curve with a Qio of 2; above 15° C. a lethal factor, increasing with Qio of 16, begins to pull the respiration curve down away from the path it has been following, bringing about a steady reduction in its Qio value until there is an actual reduction in the amount of oxygen used and death shortly follows. In the present study, an increase in the value of Q w above 33.5° C. is considered to be the first evidence of the irritating effects of high temperature, brought about-by the stimulation of bodily activity incident to the increasing discomfort of temperatures above this point. It is possible that narcotized specimens might furnish a curve whose upper range would resemble that of the one shown by Putter.
The mean values for oxygen consumption between -2.6° C. and 33.5° C. appear to follow two separate and simple exponential curves. There is no evidence of a diminishing value for Qi C within the limits of either of them as is the case in curves obtained by Krogh (1914) , Orr (1925) and Rogers (1929) when measuring the rates of respiration of immature insects. Krogh's curves showing the effects of temperature upon the velocity of development of Tenebrio pupae have been criticised by Shelford (1929) who says that, while "standard metabolism changes in rate as temperature is varied in a manner not altogether discordant with Qio as a constant, but conforming more closely with Arrhenius' formula," "activity and development on the other hand do not conform to either of these laws but do conform in part to the century old idea of the equilateral hyperbola." This difference of opinion would have no part in the present discussion except for the fact that Krogh reasons that the temperature-respiration curve of an animal should follow the same mathematical formula as the temperature-velocity of development curve. Krogh's study of Tenebrio respiration is made upon pupae which are undergoing developmental changes and it is highly probable that the curve which he obtains is of a more complicated nature than that which would be obtained from a study of Tenebrio adults where basal metabolism would not be influenced by the requirements of metamorphosis. Janisch (1932) demonstrates quite clearly that temperature-respiration curves such as Krogh obtains and temperaturevelocity of development curves which Krogh, Shelford and others obtain are reciprocals of catenary curves, the resultants, in each case, of two crossing exponential curves. Such a reciprocal curve has a straight portion which resembles the reciprocal of an equilateral hyperbola but the lower end has a definite bend upward and the upper end bends downward. It would appear that the data of Krogh, Shelford and Janisch might fit similar mathematical formulae if carried out tosimilar temperature limits.
Those who have made temperature-respiration studies of adult insects have failed to report such caternary curves and obtain data which will fit exponential curves. Butschli (1874), Vernon (1897), Battelli and Stern (1913) and Potonie (1924) obtained data from non-hibernating adult insects which can be expressed in each case by a single exponential curve.
A comparison of Vernon's (1897) data with the results obtained here is of interest. The one insect which he studied, the nonhibernating cockroach, furnished a single temperature-carbon dioxide production curve which is exponential in character throughout the range studied. His work with other cold blooded animals gave quite different results. He claimed that there was no increase in respiration between 10° C. and 18° C. although a rise in temperature brought about a sharp increase at any point above or below this interval.
There is some evidence to show that hibernating nymphal forms, follow the same temperature-respiration relationship. Bodine (1921) r studying the oxygen consumption of summer nymphs of Melanoplus fermir-rubrum, reported a Qio value of 1.1 to 1.5 for the temperature range from 0° C. to 25° C. Bodine (1925) later obtained data from overwintering nymphs of Cortophaga viridifasciata which give a Qio value of at least 3.5 for the interval between 4° C. and 15° C. Kleinman (1934) studying the respiratory quotient of overwintering nymphs of the same species, obtained data for oxygen consumption which would give a Qio value of at least 5.5 for the interval between 7° C. and 15° C , while from 15° C. to 34° C. the Qio value fluctuates between 3.0 and 2.0.
A study of the respiratory requirements of the cluster fly at temperatures below 12.5° C. leads to the conclusion that they express an adaptation favoring successful hibernation. Within the limits of hibernation, a rapid decrease in the use of oxygen as the temperature drops or, conversely, a rapid increase as the temperature rises, can be considered to be a factor favoring rapid and economical adjustment to environment. A smaller value for Qi 0 than the one obtained, for that part of the curve which lies within the range of hibernation, would require that the insect be brought to temperatures lower than those studied in order to reach the observed figures for oxygen consumption. This can be demonstrated on Chart III if the line representing the van't Hoff curve fitting the data between 12.5° C. and 33.5° C. is extended downward until it crosses the respiration level of .0008 cu. mm. of oxygen per mg. per min., the lowest value measured. If the insect's temperature-respiration responses should continue to follow this curve below 12.5° C. we find that the temperature must drop to a point in the neighborhood of -32° C. before the rate of gas exchange will be reduced to that which has been measured for -1.8° C. At a temperature of -1.8° C. on this hypothetical curve we would find that the insect needed five units of oxygen in comparison to the one unit necessary in the observed data. The animal could spend five days in hibernation at the observed rate of food oxidation as cheaply as it could but one day at the same temperature under this hypothetical temperature-respiration relationship. A minimum of respiration during hibernation would leave a maximum of unoxidised food reserve in the fat bodies to support activity in the spring.
PART II. THE EFFECT OF TEMPERATURE UPON THE OXYGEN REQUIREMENTS OF THE ADULT FEMALE CITRUS MEALYBUG (PSEUDOCOCCUS CITRI RISSO)
The second part of the present study was undertaken in order to check the data obtained from the cluster fly against that which might be obtained from a strictly non-hibernating form. For this purpose the citrus mealybug (Pseudococcus citri Risso) was selected. It was abundant in the insectary greenhouse where a stock was maintained for experimental purposes and its sluggish habits indicated that it would serve admirably as a subject for such a study.
Methods.-The same apparatus was used and procedure followed as in the case of the cluster fly, with these exceptions: single individuals were not used due to the small size of the insects which, on the average obtained from the total weight of the 320 specimens used, weighed 1.32 mgs. each; and the insects were not kept at a constant temperature before being used. They were removed from the plants in the green- CHART IV. Individual observations for oxygen consumption and temperature for citrus mealybug. house as gently as possible with a camel's hair brush, placed in vials and brought to the laboratory where they were sorted and a representative group of mature specimens was counted, weighed and placed in the respirometer. Twenty-five such groups were used in all, totaling 320 individuals and averaging 16.9 mgs. in weight per group.
Results.-From these 25 groups 119 temperature-oxygen consumption values were obtained, ranging from .0020 cu. mm. of oxygen per mg. per minute at 2.25° C. to .0012 cu. mm. of oxygen per mg. per minute at 48.9° C. These temperature extremes represent the lowest oxygen consumption figures obtained. The greatest oxygen con -B  12  16  20  24  28  32  36  40  44  48  52   TEMPERATURE IN DEGREES CENTIGRADE CHART VI. 2° mean values of oxygen consumption and temperature plotted on rate-of-change paper: female citrus mealybug.
sumption was observed at 47.6° C. where .0585 cu. mm. per mg. per minute was measured. The 119 temperature-oxygen consumption values obtained are shown plotted on Chart IV. These values were averaged for 2° C. intervals which overlapped 1° C , as in the previous study, so that any possible break in the mean curve might be more closely located. These mean values are given in Table II and are plotted on Chart V along with the exponential curve which most closely fits them, a curve with a Q w value of 2.95. It will be seen that the mean values follow the curve quite closely up to about 27° C. Above this point they depart sharply although but little scattering is observed until 36° C. is reached. Above that point there is wide divergence. On Chart VI the mean values are shown plotted on rate-of-change paper and it is seen that they follow the exponential curve, shown as a straight line, from the lowest temperature up to about 27° C. Above that point the departure from the curve does not seem to follow a new exponential curve but seems to be in the nature of a slight bending downward away from the original straight line followed by an irregular course upward until a sharp drop occurs down to the base line where respiration was observed to stop. But one group of insects was subjected to temperatures above 45° C. since it was observed that temperatures above 35° C. brought about irregular movements and struggles which were considered to be responsible for the scattered values obtained above this point and which would remove the animals from a state of basal metabolism. Below 35° C. the values obtained seem to be those of basal metabolism. Discussion.-From 2.25° C. to 27.0° C. the temperature-oxygen consumption relationship seems to be entirely in accord with the theory of van't Hoff, following an exponential curve with a Qi 0 value of 2.95. The exact interpretation of the mean values after they depart from the exponential curve is hard to determine due to the short interval in which they continue to represent basal metabolic conditions but it appears that at 27° C. heat begins to act as a retarding agent on oxygen consumption, this retarding action becoming more pronounced as the temperature rises. This is in accord with the view held by Putter (1914) referred to above. To test his theory satisfactorily an animal would have to be studied which would not depart from basal metabolism at any point between the lower and upper lethal temperature limits. Temperature Interval, ° C.
1. 25-3.75 3.75-6.25 6.25-8.75 8.75-11.25 11.25-13.75 13.75-16.25 16.25-18.75 18.75-21.25 21.25-23.75 23. 75-26.25 26.25-28.75 28.75-31.25 31.25-33.75 33.75-36.25 36.25-38.75 38.75-41.25 41.25-43.75 43.75-46.25 46.25-48 The third part of the present study was undertaken for two primary reasons: first, to be able to measure the oxygen requirements of basal metabolism at temperatures higher than was found to be possible with the two previous forms; and second, to be able to compare the temperature-respiration relationship of a rapidly developing form with that of the mature forms previously studied.
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CHART VII. Eggs of Oncapeltus fasciaius Dallas. All determinations for temperature and oxygen consumption.
Methods.-All eggs laid were removed from a culture of the insects every 24 hours, kept in the constant temperature room with the insects for 48 hours longer and then cleaned, weighed and placed in the respirometers. Two respirometers were used at all times, one being considerably more sensitive than the other. In the more sensitive one 14 samples of eggs were used which averaged 30.4 mg. per sample, and 49 temperature-oxygen determinations were obtained, based on runs averaging 2 hours and 40 minutes in length. In the less; sensitive, but no less accurate, respirometer 16 samples, averaging 73.3 mg. per sample, were used and 50 determinations were obtained, based on runs which averaged 4 hours and 13 minutes in length.
Results.-Oxygen consumption values ranging from .0004 cu. mm. per mg. per min. at 3.0° C. to .0169 cu. mm. per mg. per min. at 35.0° C. All values obtained are shown on Chart VII. Since, for the most part, the determinations were made at points 2.5° C. apart, the means for these groups of values were determined and are shown on Chart VIII along with the curve fitted to them. The values of these means are listed in Table III . The same means and the same curve are shown projected semi-logarithmically on Chart IX. The difference between this curve and the one obtained from the mealybugs will be seen at once. Whereas the mealybug data follows a definite exponential curve up to about 26.0° C. and then departs abruptly from it in a catenary fashion as some inhibiting factor or factors begin to be manifest, the curve obtained from the Oncapeltus eggs is of a catenary nature throughout the range studied, the inhibiting factor or factors increasing their influence as the temperature rises, thus reducing the rate of increase in oxygen consumption until above 35.0° C. there is a decrease in oxygen consumption with a rise in temperature.
Discussion.-The curve obtained from the study of the Oncapeltus eggs is of the same type as that obtained by Krogh (1914) , Orr (1925) and Rogers (1929) from studies made upon immature insects. A comparison of the three studies made in the present paper would indicate that the temperature-respiration relationship of insects cannot be expressed by any one curve or formula. Various factors may influence it, apparently, depending upon the state of development of the animal and the life habits to which it is adapted. What these factors are and how they function is not apparent from the data at hand.
The study was not carried to temperatures above 47.5° C. because of the lethal nature of such temperatures. At 45.0° C. about 1 hour and 45 minutes of even respiration rate could be counted on before it began to fall off rapidly and ceased entirely about two hours later. At 47.5° C. only about 45 minutes of even respiration rate could be counted on, after which it fell off rapidly, reaching zero about one hour later. Readings were made at short intervals at these higher temperatures and no data was used after the respiration rate was seen to start dropping. 1. Overwintering adults of both sexes of the cluster fly {Pollenia rudis Fab.) increase their rate of oxygen consumption under the influence of an increase in temperature. This rise in respiratory rate follows a composite curve made up of two successive exponential curves to which the theories of van't Hoff and Arrhenius are considered to be applicable. The data follows the first curve, which has a Qio value of 5.50, from -2.6°C
. to 12.5 °C. From 12.5° C. to about 33.5° C. the data follows a second curve which has a Q™ value of 1.75. Above 33.5° C. the flies became restless and the relationship seems to be no longer that of purely basal metabolism.
